Epigenetic control mechanisms silence about half of the rRNA genes in eukaryotes. Previous studies have demonstrated that recruitment of NoRC, a SNF2h-containing remodeling complex, silences rRNA gene transcription. NoRC mediates histone H4 deacetylation, histone H3-Lys9 dimethylation, and de novo DNA methylation, thus establishing heterochromatic features at the rRNA gene promoter. Here we show that inhibition of any of these activities alleviates NoRC-dependent silencing, indicating that these processes are intimately linked. We have studied the temporal order of epigenetic events at the rRNA gene promoter during gene silencing and demonstrate that recruitment of NoRC by TTF-I is a prerequisite for the deacetylation of histone H4 and the dimethylation of histone H3-Lys9. Inhibition of histone deacetylation prevents DNA methylation, while inhibition of DNA methylation does not affect histone modification. Importantly, ATP-dependent chromatin remodeling is required for methylation of a specific CpG dinucleotide within the upstream control element of the rRNA gene promoter, and this modification impairs preinitiation complex formation. The results of this study reveal a clear hierarchy of epigenetic events that control de novo DNA methylation and lead to silencing of RNA genes.
The genes that encode rRNA are tandemly repeated at one or few chromosomal loci in eukaryotes. The number of rRNA gene repeats varies greatly among organisms, ranging from less than 100 to more than 10,000 (24) . One might imagine that the presence of large numbers of rRNA gene copies reflects a demand for high levels of rRNA synthesis for rapid growth. However, there is no good correlation between the cellular growth rate and the number of rRNA genes, indicating that there is a considerable plasticity in the number of rRNA gene repeats. Significantly, only a fraction of these repeats is used for rRNA synthesis at any given time. In metabolically active human or mouse cells, approximately half of the ϳ400 rRNA gene copies are transcriptionally active, and the other half are silent. The relative amounts of active and silent genes are similar in both growing and resting cells as well as during both interphase and metaphase, indicating that the chromatin structure is stably propagated through the cell cycle and is maintained independently of transcriptional activity (5) . Active and silent genes are distinct from one another with respect to their chromatin configurations; active genes have a euchromatic structure, whereas silent genes exhibit heterochromatic features (5, 27, 35) . The promoter of active rRNA genes is free of CpG methylation and associated with histones that are acetylated. The opposite pattern is predominant among silent genes (22, 56 ). In addition, silent genes are associated with histone H3 that is methylated on lysine 9 (H3-Lys9) and with heterochromatin protein 1 (HP1). Thus, active and silent rRNA genes are demarcated both by their patterns of DNA methylation and by specific modifications of their associated histones, a finding that links the histone code to the cytosine methylation code (19, 32, 37) .
Recent studies have established that, in human and mouse cells, the key determinant that maintains individual rRNA gene repeats in a closed chromatin state is NoRC (nucleolar remodeling complex), one of the ISWI/SNF2-containing ATPdependent chromatin remodeling machines (38) . The large subunit of NoRC, TIP5 (TTF-I-interacting protein 5), shares a number of functional domains with the large subunits of other mammalian remodeling complexes, e.g., ACF, WCRF, CHRAC, and WICH (2, 3, 17, 23, 30) , suggesting a common mechanistic basis of action. Despite their pronounced structural and functional homologies, the individual SNF2h-containing complexes appear to have different functions in transcription, DNA repair, and DNA replication (41) . Like other members of ISWI/SNF2-containing remodeling machines, NoRC can induce nucleosomes to move along DNA in an ATP-and histone H4 tail-dependent fashion, thereby positioning the histone octamer along the rRNA gene repeats (38) . NoRC is associated with silent rRNA gene copies, and overexpression of TIP5 represses rRNA polymerase I transcription (35, 43) . NoRC has been shown to silence rRNA gene transcription through recruitment of histone deacetylase and DNA methyltransferase activity, thereby establishing and/or maintaining a repressive higher-order chromatin structure.
To determine how the different chromatin-modifying activities are coordinated with each other and the transcription machinery, we have analyzed the temporal order and functional interplay among histone modifications, DNA methylation, chromatin remodeling, and transcription initiation complex formation. Our results reveal a hierarchical order and mutual dependence of events that operate along a common mechanistic pathway to repress transcription. A model is suggested in which NoRC is recruited to DNA by interaction with TTF-I bound to its target site adjacent to the rRNA gene promoter. Once recruited to rRNA, NoRC acts as a scaffold for subsequent enzymatic reactions that establish a local heterochromatin environment and methylate a critical CpG residue within the upstream control element (UCE) of the rRNA gene promoter. As a consequence, binding of the basal transcription factor UBF to rRNA genes is impaired, and the formation of preinitiation complexes is prevented.
MATERIALS AND METHODS
Plasmids. pMr600-BH represents a fusion of a 5Ј-terminal mouse rRNA gene fragment (from positions Ϫ328 to ϩ292) with a 3Ј-terminal BamHI/HinfI fragment (from ϩ334 to ϩ712 with respect to the 3Ј end of 28S rRNA) including two terminator elements (T 1 and T 2 ) separated by 177-bp pUC9 vector sequences. In pMr600 Ϫ133 -BH, the cytosine at Ϫ133 has been converted into guanine. pMr1930 contains murine rRNA gene sequences from positions Ϫ1930 to ϩ155. pMr-1930⌬T 0 is similar to pMr1930, except that the upstream terminator T 0 (from Ϫ174 to Ϫ144) has been deleted. pcDNA-FLAG-TIP5 and pMr1930-CBH have been described previously (35) . pcDNA-FLAG-Snf2h and -Snf2h K211R were a gift from Ramin Shlekhattar.
Transfections and RNA analysis. NIH 3T3 and HEK293T cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum. For reporter assays, 5 ϫ 10 5 NIH 3T3 cells were cotransfected with 1 g of reporter plasmid and different amounts of pcDNA-FLAG-TIP5 by the calcium phosphate DNA coprecipitation method. Transcripts from reporter plasmids were monitored by hybridization to a 32 P-labeled riboprobe complementary to pUC9 sequences that have been inserted between the 5Ј-and 3Ј-terminal rRNA gene fragments of pMr600-BH. Alternatively, transcript levels were analyzed by reverse transcription)-PCR with the SYBR detection system (Roche Applied Science) and primers specific for the rRNA gene reporter and GAPDH (glyceraldehyde-3-phospate dehydrogenase) mRNA. The amounts of transcripts and GAPDH cDNA were quantified by comparing them to a standard curve obtained by logarithmic dilution of the corresponding DNA. Polymerase I (Pol I) transcription was calculated by normalizing the amount of rRNA gene transcripts to GAPDH mRNA.
ChIP and DNA methylation assays. Chromatin immunoprecipitation (ChIP) assays were performed as described previously (35, 43) . Briefly, chromatin from cross-linked cells was sheared by sonication and incubated overnight with specific antibodies, and precipitated proteins were captured with protein G-or protein A-Sepharose saturated with salmon sperm DNA. After elution and reversion of cross-links by heating for 6 h at 65°C, 1 and 3% of precipitated DNA were amplified by PCR with 30 cycles (30 s at 95°C, 40 s at 55°C, 40 s at 72°C) in the presence of 1.5 mM MgCl 2 , 200 M (each) deoxynucleoside triphosphates, and 10 pmol of primers (promoter forward primers, 5Ј-GACCAGTTGTTCCTTTG AG-3Ј [positions Ϫ165 to Ϫ145] and 5Ј-GATAGGTACTGACACGCTGTCCT TTCCCTATTA-3Ј [Ϫ7 to ϩ16]; promoter reverse primer, 5Ј-AGGACAGCGT GTCAGTACCTATC-3Ј [Ϫ7 to ϩ16]; 28S rRNA forward primer, 5Ј-GCGACC TCAGATCAGACGTGG-3Ј [ϩ8124 to ϩ8145]; and 28S rRNA reverse primer, 5Ј-CTTAACGGTTTCACGCCCTC-3Ј [ϩ8549 to ϩ8529]). PCR products were separated by electrophoresis on 2% agarose gels and stained with ethidium bromide. Real-time PCR (RT-PCR) was performed in triplicate with a LightCycler (Roche) and the SYBR green detection system. The relative enrichment of the rRNA genes was determined by calculating the ratio of rRNA genes present in the immunoprecipitates to those present in the input chromatin and normalizing the data to those for control reactions containing no antibodies.
To monitor CpG methylation at the rRNA gene reporter, DNA was digested with 20 U of HpaII or MspI before PCR amplification using two different forward primers that map upstream and downstream of the CCGG site at Ϫ143 (positions Ϫ165 to Ϫ145 or Ϫ7 to ϩ16) and a reverse primer that is complementary to chloramphenicol acetyltransferase (CAT) gene sequences inserted into the minigene pMr1930-CBH. For quantification, RT-PCR was performed with a LightCycler (Roche). The relative resistance to HpaII digestion was calculated by normalizing the amount of DNA amplified to either of the two forward primers and the reverse primer.
Antibodies. Antibodies to acetylated histone H4 and the FLAG epitope were from Upstate and Sigma, respectively. Antibodies against di-and trimethylated histone H3-Lys9 were a gift from Thomas Jenuwein.
RESULTS
rRNA gene silencing requires recruitment of NoRC to the rRNA gene promoter by TTF-I. To study NoRC function in the establishment of heterochromatin, we overexpressed TIP5, the large subunit of NoRC, in HEK293T cells and compared the levels of acetylated histone H4 and di-and trimethylated histone H3-Lys9 for both endogenous rRNA genes and a cotransfected reporter plasmid (Fig. 1A) . Consistent with previous results (43) , the overexpression of TIP5 markedly decreased the acetylation of histone H4 at the rRNA gene promoter. Moreover, the level of H3-Lys9 dimethylation was significantly increased, whereas the trimethylation of H3-Lys9 was much less affected. Importantly, the same histone modifications were observed both on endogenous rRNA genes (Fig.  1A , left) and on the Pol I reporter plasmid (Fig. 1A, right) , underscoring the functional relevance of NoRC-mediated epigenetic changes at the rRNA gene promoter.
TIP5 has been shown to interact with TTF-I, suggesting that NoRC is recruited to the rRNA gene by TTF-I bound to the promoter-proximal terminator T 0 (29, 39) . If NoRC was recruited to the rRNA genes by TTF-I, it should not associate with templates lacking the TTF-I binding site. To test this possibility, NIH 3T3 cells were cotransfected with an expression vector encoding FLAG-tagged TIP5 and a reporter plasmid that either contains or lacks the TTF-I binding site T 0 (pMr1930 or pMr1930⌬T 0 , respectively). ChIP experiments revealed that TIP5 is associated with the wild-type rRNA gene reporter (Fig. 1B, top) , but no binding to the plasmid lacking the TTF-I binding site was observed (Fig. 1B, bottom) . Thus, recruitment of NoRC to the rRNA genes depends on the binding of TTF-I to the promoter-proximal terminator T 0 .
Given that the association of TIP5 with TTF-I is the first step in the chain of events that lead to the silencing of Pol I transcription, NoRC should not repress transcription on the mutant reporter pMr-1930⌬T 0 . Indeed, overexpression of TIP5 strongly reduced transcription from the wild-type but not the mutant template (Fig. 1C) . Moreover, neither histone H4 hypoacetylation nor H3-Lys9 dimethylation was observed at the template lacking the terminator T 0 (Fig. 1D) . Thus, the silencing of Pol I transcription and the establishment of heterochromatic features requires recruitment of NoRC to the rRNA genes by TTF-I bound to the promoter-proximal target site T 0 .
NoRC-mediated DNA methylation depends on histone deacetylation. To examine whether NoRC-dependent histone modification and de novo DNA methylation may proceed as parallel pathways or are dependent on each other, we assayed the effect of trichostatin A (TSA) and azacytidine (aza-dC), inhibitors of histone deacetylase and DNA methyltransferase, respectively, on rRNA gene silencing. Consistent with the results described above, overexpression of TIP5 reduced the levels of both reporter transcripts and cellular pre-rRNA in a dose-dependent manner ( Fig. 2A) . The repressive effect of TIP5 on transcriptional activity was relieved by either TSA or aza-dC. No additive or synergistic effect was observed, indicating that histone deacetylation and DNA methylation operate along a common mechanistic pathway. While TIP5-mediated histone H4 deacetylation was impaired by TSA treatment, H3-Lys9 dimethylation was not affected (Fig. 2B ). This finding underscores the requirement for histone H4 deacetylation in TIP5-mediated rRNA gene silencing and suggests that histone H3-Lys9 dimethylation occurs independently of histone H4 deacetylation. In contrast, inhibition of DNA methylation by aza-dC treatment affected neither histone H4 deacetylation nor H3-Lys9 dimethylation, indicating that histone deacetylation and methylation occur prior to DNA methylation.
To examine whether histone H4 deacetylation is a prerequisite for DNA methylation, cells overexpressing TIP5 were . NIH 3T3 cells were cotransfected with pcDNA-FLAG-TIP5 and a wild-type or mutant reporter plasmid (pMr1930 or pMr1930⌬T 0 , respectively). rRNA gene occupancy of acetylated histone H4 (AcH4) and dimethylated H3-Lys9 (dMeH3) was monitored by ChIP analysis using primers specific to the rRNA gene reporter and the 28S rRNA coding region. ␣, anti.
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on January 6, 2018 by guest http://mcb.asm.org/ treated with TSA, and de novo methylation of a cotransfected rRNA gene reporter plasmid (pMr1930-CBH) was analyzed. Cross-linked chromatin was immunoprecipitated with anti-FLAG antibodies (Fig. 2C, middle) , DNA was digested with methylation-sensitive isoschizomers HpaII and MspI, and coprecipitated plasmid DNA was amplified with forward primers that map upstream or downstream of the CCGG site (at position Ϫ143) in the rRNA gene promoter and a backward primer that is complementary to part of the marker gene (the CAT gene) inserted between the 5Ј-and 3Ј-terminal rRNA gene fragments of the reporter construct (Fig. 2C) . Consistent with overexpression of TIP5 triggering de novo DNA methylation, a fraction of the reporter plasmid became resistant to HpaII cleavage (Fig. 2C, bottom, lanes 1 and 2) . Significantly, de novo DNA methylation did not occur in the presence of TSA (Fig. 2C) , indicating that NoRC-mediated DNA methylation depends on prior histone deacetylation. These data demonstrate the mutual interdependence of histone deacetylation and DNA methylation and imply that deacetylation of nucleosomes at the rRNA gene promoter is required for DNA methylation. Nucleosome remodeling is required for DNA methylation and transcriptional silencing. NoRC has been shown to use the energy of ATP hydrolysis to alter the topology of nucleosomal DNA (39) . To investigate the contribution of NoRCmediated chromatin remodeling to rRNA gene silencing, we monitored Pol I transcription after coexpressing TIP5 either with SNF2h or with SNF2h K211R , an ATPase-deficient mutant. Coexpression of SNF2h enhanced the transcriptional repression mediated by TIP5 from 60 to 80% (Fig. 3A) . This finding is consistent with coimmunoprecipitation data showing that the majority of ectopic TIP5 associates with endogenous SNF2h (unpublished results) and explains why moderate overexpression of TIP5 is sufficient to silence the rRNA genes. Strikingly, if SNF2h K211R was coexpressed with TIP5, transcriptional repression was eliminated. This result demonstrates that the ATP-dependent chromatin-remodeling activity of NoRC plays an indispensable role in rRNA gene silencing.
If ATP-dependent nucleosome remodeling is necessary for NoRC-mediated rRNA gene silencing, a step may exist that establishes a link between chromatin remodeling, histone modification, DNA methylation, and initiation complex formation. We therefore sought to examine whether NoRC-dependent chromatin remodeling would facilitate the access of histonemodifying enzymes and DNA methyltransferase to the rRNA genes. For this purpose, we monitored histone H4 acetylation on January 6, 2018 by guest http://mcb.asm.org/ and H3-Lys9 dimethylation at the rRNA gene reporter after the coexpression of FLAG-TIP5 with SNF2h and SNF2h K211R , respectively. As shown in Fig. 3B , both histone deacetylation and H3-Lys9 dimethylation occurred at the rRNA gene promoter, regardless of whether wild-type or mutant SNF2h was coexpressed with TIP5. This result indicates that the remodeling activity of NoRC is not required for histone deacetylation and H3-Lys9 dimethylation. Next, we tested whether the remodeling activity of NoRC is required for de novo methylation of the rRNA genes. Consistent with the transcription data, the overexpression of TIP5 increased the amount of HpaII-resistant methylated rRNA genes by about threefold in both the absence and presence of SNF2h (Fig. 3C) . In contrast, the overexpression of TIP5 with SNF2h K211R did not confer HpaII resistance to the rRNA genes. These results indicate that ATP-dependent chromatin remodeling is required for de novo DNA methylation and that DNA methylation occurs subsequent to chromatin remodeling.
NoRC-mediated transcriptional repression requires DNA methylation of CpG at position ؊133. Previous work has established that methylation of a single CpG residue at Ϫ133 within the UCE of the rRNA gene promoter eliminates binding of the basal transcription factor UBF to nucleosomal DNA, thereby preventing transcription complex formation (34) . If methylation of CpG at Ϫ133 was the final step in the chain of events that silence the rRNA genes, the overexpression of TIP5 should not repress the transcription of a mutant template in which the cytosine at Ϫ133 was replaced by guanosine. Indeed, transcription of the mutant (pMr600 Ϫ133 -BH) was not repressed by increasing amounts of FLAG-TIP5 (Fig. 4A) , demonstrating that transcriptional repression by TIP5 requires the methylation of a functionally important CpG residue within the UCE. Moreover, ChIP assays revealed that the overexpression of TIP5 caused the deacetylation and dimethylation of histones at both the wild-type and mutant reporter plasmids (Fig. 4B ). This finding implies that histone deacetylation and H3-Lys9 methylation, i.e., modifications that mark heterochromatin, are not sufficient for rRNA gene silencing. In addition, this result reveals that CpG methylation is the final step in the chain of events that silence rRNA gene transcription.
We have previously shown that methylation of CpG at Ϫ133 impairs UBF binding to the rRNA genes assembled into chromatin (34) . We therefore reasoned that overexpression of TIP5 should not decrease the level of UBF associated with the mutant template that cannot be methylated at CpG at Ϫ133. Indeed, overexpression of TIP5 eliminated binding of UBF to the wild-type (pMr600-BH) but not the mutant (pMr600 Ϫ133 -BH) template (Fig. 4C) , indicating that NoRC-mediated DNA methylation prevents binding of UBF to the UCE. As a consequence, the assembly of productive transcription initiation complexes is impaired. Thus, NoRC establishes rRNA gene silencing by coordinating a hierarchical order of events that modify nucleosomes, methylate DNA, and prevent the formation of Pol I transcription initiation complexes.
DISCUSSION
A clear theme that emerges from studies on the epigenetic regulation of gene expression is the functional interaction and interdependence of chromatin remodeling, histone modification, and DNA methylation as well as the consequent difficulty in dissecting the cause-and-effect relationships of these reactions. In most cases, it remained unknown how the activities that lead to opening or closing of specific genomic areas are coordinated. A growing body of evidence indicates the exis- VOL. 25, 2005 TEMPORAL ORDER OF rRNA GENE EPIGENETIC SILENCING 2543
on January 6, 2018 by guest http://mcb.asm.org/ tence of synergism between chromatin-remodeling factors and DNA-and/or histone-modifying enzymatic activities in the regulation of transcription at the epigenetic level. For example, promoter activation requires the acetylation of nucleosomes, and site-specific histone acetylation acts as a signal for the regulation of nucleosome remodeling (1, 6, 9, 31) . Conversely, the interplay between ISWI/SNF2 complexes and histone deacetylases contributes to the establishment and maintenance of heterochromatic structures and transcriptional repression (8, 16, 35) . Of note is the mutual dependence of DNA methylation and histone modification. DNA methyltransferases and DNA binding proteins that specifically recognize methylated cytosine residues have been shown to interact with histone deacetylase corepressors (11, 21, 28, 33) and histone methyltransferases (10, 12) , and DNA methylation in Neurospora crassa was profoundly altered by mutations that disrupt histone methylation (40) .
In the present study, we have investigated the functional interrelationship and temporal order of NoRC-mediated chromatin remodeling, histone modification, and DNA methylation leading to rRNA gene silencing. We show that overexpression of TIP5 establishes heterochromatic marks and silences transcription both at endogenous rRNA genes and at Pol I reporter plasmids, implying that similar mechanisms operate at endogenous and ectopic rRNA genes. We found that histone deacetylation, ATP-dependent chromatin remodeling, and DNA methylation are strictly dependent on each other and occur in a hierarchical and temporal order. Our results reveal that rRNA gene silencing is initiated by the recruitment of NoRC to the Pol I promoter by interaction with TTF-I bound to the promoter-proximal terminator T 0 . In a subsequent step, NoRC interacts with the Sin3 corepressor complex, leading to deacetylation of nucleosomes at the rRNA genes (43) . Though deacetylation of histone H4 per se is not sufficient to silence the rRNA genes, it may act as a flag or signal for SNF2h-mediated nucleosome remodeling. The action of SNF2h may be required beforehand to open the chromatin, thereby either relieving a steric constraint or exposing CpG at Ϫ133 to methylation. Methylation of CpG at Ϫ133 in the context of chromatin impairs UBF binding to the Pol I promoter and impairs the assembly of productive transcription initiation complexes.
This temporal-order model is based on the following observations. TIP5 has been shown to interact with histone deacetylase (HDAC) and DNA methyltransferases (Dnmt1 and Dnmt3), thereby recruiting these activities to the rRNA genes (35, 43) . This finding suggests either that a specific acetylation pattern targets CpG methylation or, alternatively, that Dnmt1 targets deacetylation toward regions that are to be silenced. In either scenario, methylation and deacetylation would act together to potentiate the repressed state. Treatment with TSA or 5-aza-dC eliminated NoRC-mediated silencing, indicating that histone deacetylation and cytosine methylation act on the same pathway to repress transcription. In support of this idea, inhibition of histone deacetylation prevented de novo DNA methylation, while inhibition of DNA methylation did not affect histone acetylation. This implies that histone deacetylation is a prerequisite for DNA methylation, a mechanism that has been described only for Neurospora (36) . On the other hand, DNA methylation itself can target histone deacetylation via methyl-binding proteins, which are known to recruit histone deacetylase corepressors to methylated DNA (21, 28) , indicating that both mechanisms are not mutually exclusive. Recent results have demonstrated that the methyl-binding protein MBD2 is associated with rRNA genes (15) . This demonstration suggests that histone deacetylation plays a role in both the establishment and maintenance of heterochromatic features for a fraction of rRNA genes.
Our finding that TSA treatment does not affect NoRC-mediated dimethylation of histone H3-Lys9 is consistent with the A Northern blot of RNA from NIH 3T3 cells that were cotransfected with pMr600-BH or pMr600 Ϫ133 -BH in the absence or presence of pcDNA-FLAG-TIP5 is shown. Top, Schematic of pMr600-BH, which uses the same symbols as the diagram in Fig. 2C . CpG at Ϫ133 is located within the UCE. In pMr600 Ϫ133 -BH, the cytosine residue at Ϫ133 is replaced by guanosine. (B) Histone H4 deacetylation and histone H3-Lys9 dimethylation are not sufficient for rRNA gene silencing. NIH 3T3 cells were transfected with pMr600-BH or pMr600 Ϫ133 -BH in the absence or presence of pcDNA-FLAG-TIP5. ChIP was performed with antibodies against acetylated histone H4 (␣-AcH4) and dimethylated H3-Lys9 (␣-dMeH3). Data represent the n-fold differences between the amounts of precipitated DNA in cells overexpressing TIP5 and those in mock-transfected cells. (C) Overexpression of TIP5 impairs binding of UBF to the rRNA gene promoter. ChIP analysis of NIH 3T3 cells cotransfected with pMr600-BH or pMr600 Ϫ133 -BH in the absence or presence of pcDNA-FLAG-TIP5 is shown. After immunoprecipitation with anti-UBF antibodies, coprecipitated DNA and input chromatin (1 and 3%) were amplified with primers specific to the reporter plasmid. ␣, anti; Ϫ, absence; ϩ, presence.
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on January 6, 2018 by guest http://mcb.asm.org/ results of other groups showing that histone acetylation and methylation act independently of each other (25, 42) . Our results reveal that histone deacetylation and H3-Lys9 dimethylation are not sufficient for transcriptional repression and indicate that these heterochromatic marks per se do not prevent the access of transcription factors to chromatin. Importantly, TIP5-dependent histone deacetylation at the rRNA gene promoter does not require the ATPase activity of NoRC. This suggests either that histone deacetylation and chromatin remodeling are independent of each other or that histone deacetylation precedes nucleosome remodeling. We favor the idea that NoRC-mediated deacetylation of histone H4 occurs prior to remodeling and that deacetylation is required to remodel nucleosomes at the rRNA gene promoter. In support of this idea, in vivo and in vitro studies have demonstrated that the acetylation of histone H4 at lysines 12 and 16 inhibits the chromatin-remodeling activity of ISWI, suggesting that the function of ISWI/SNF2h is regulated by the site-specific acetylation of histones (4, 6) . Like NoRC, other SWI/SNF2-like proteins have been linked to DNA methylation and histone modification (for a review, see references 13 and 26). Mutations in ddm1 and Lsh result in the loss or alteration of both DNA methylation and histone methylation (7, 14, 18, 20, 42) . However, cause-and-effect relationships for these enzymatic activities have yet to be defined. Our data do not allow us to determine when NoRC-mediated dimethylation of H3-Lys9 occurs. It is possible that NoRC directly recruits a histone methyltransferase to the rRNA genes or, alternatively, that once that the rRNA genes are methylated, methyl-binding proteins can target histone methyltransferase activity (10) . The presence of HP1 at silent rRNA genes (35) suggests that HP1, along with methylated histone H3-Lys9, may play a role in heterochromatin spreading and/or maintaining and perpetuating the silent chromatin state. Elucidation of the functional interrelationship between nucleosome remodeling, histone modification, and DNA methylation, as well as of the role of individual remodeling complexes in coordinating these different activities, will reveal the mechanisms that the cell uses to inherit specific chromatin states from one generation to the next.
